We report that clearly different microstructures were obtained corresponding to different parts in a Pd 40 Ni 40 Si 5 P 15 glassy rod, showing a nature of structural flexibility of a glass. Such a structural difference was believed to have the origin in the different cooling rate induced by the solidification in succession of the molten alloy during the casting. Upon this difference in the microstructure, the samples show very different deformation behaviors.
Introduction
Bulk metallic glasses (BMGs) have attracted lots of attention due to their potentials in application. [1] [2] [3] [4] However, brittle fracture of the most of BMGs is not desirable and limits their wide spread use. Recently researchers have been reenergized and shown much interest in the plastic deformation behavior of BMGs due to the development of quite a few ductile BMGs. [5] [6] [7] [8] [9] [10] Unfortunately the plasticity is very sensitive to their composition and can be substantially changed by minor deviations in content (<1 at%). 9 ) Such a sensitivity reflects plastic instability induced by structural features of BMGs. It is well accepted that a glass can yield differently solidified states, which is evidenced as thermodynamic difference in its supercooled liquid and determines the kinetic nature of glass transition. 11, 12) Such a difference also reflects in an essential characteristic of a glass, namely structural flexibility. In this paper, we present a plastic Pd 40 Ni 40 Si 5 P 15 BMG, showing clear microstrutural variation. Such a structural feature gives rise to different deformation behaviors of the samples cut from the different parts of the Pd 40 Ni 40 Si 5 P 15 BMG.
Experimental Procedure
Raw materials of Pd, Ni, P or Si with high purity over 99.9% with a nominal composition of Pd 40 Ni 40 Si 5 P 15 (at%) were sealed in quartz tubes under high vacuum, and then held in a furnace at 1323 K. When the alloys were homogeneously melted, the quartz tubes were taken out of the furnace and cooled in water. Injection-cast cylindrical specimens with a size of 2 mm in diameter were prepared by remelting the ingots in the quartz tubes and ejection with an Ar gas overpressure of 40 kPa through a nozzle into a Cu mold.
The structure of the glassy alloys was studied by X-ray diffraction (XRD) with monochromatic Cu K radiation and high resolution transmission electron microscopy (HRTEM). In order to avoid microstructural variation induced by ion beam, the thin foil specimens for TEM observation were prepared by a standard twin-jet electrochemical polishing in a solution of 23% HClO 4 and 77% CH 3 COOH at $253 K instead of ion thinning method. The samples for compressive tests were 2 mm in diameter and 4 mm in length. The compressive tests were conducted by using a Shimadzu machine at a strain rate of 5 Â 10 À4 s À1 .
Results and Discussion
Figure 1(a) shows the XRD pattern of the as-cast Pd 40 Ni 40 Si 5 P 15 alloy rod, exhibiting only broad diffraction peaks. It is indicated that a fully glassy structure was formed in the sample. Figure 1 (b) presents the DSC trace of Pd 40 Ni 40 Si 5 P 15 alloy rod, from which the glass transition temperature T g and the initial crystallization temperature T x were derived to be 601 K and 716 K, respectively. Thus, this alloy yielded a very large supercooled liquid region of 115 K, demonstrating its high thermal stability and good resistance to crystallization. Figure 2 shows (HR)TEM images of the obtained Pd 40 Ni 40 Si 5 P 15 glassy samples, which were cut from the two specimens subjected to compressive tests and indicated as sample A and sample B. Figures 2(a) and 2(c) correspond to sample A and sample B, respectively. It can be seen that the two samples show different morphologies. Figure 2(a) gives a typical homogeneously featureless image of glassy structure while sample B characteristics a structure composing of dark and light contrast regions as indicated in Fig. 2 
(c).
It is important to note that the observation of sample B is performed under the experimental condition similar to that for sample A. Objective apertures weren't used so as not to result in the additional influence on the contrast. Despite of the contrast difference, sample B shows the same selected area diffraction pattern like sample A, confirming the glassy nature. Figures 2(b) and 2(d) are the HRTEM images of the two samples. No long range order can be observed in Fig. 2(b) , further confirming its glassy structure. On the other hand, both of the dark and bright regions as indicated in Fig. 2(d) show random atomic distribution without any crystalline fringe. Since the contrast shown in the microstructure of sample B was not resulted by nano crystal formation, further investigation is required to understand the origin of the structural contrast. So the compositional analysis on sample B was preformed by using the EDX profiles attached to TEM. As expected, the darker image showed an average composition of Pd 51:5 Ni 33:0 Si 2:9 P 12:6 while the bright image was Ni-riched phase with a composition of Pd 36:7 Ni 49:7 Si 4:0 P 9:6 . The compositional analysis gave the conclusive evidence that the structural contrast in sample B actually came from the compositional difference, suggesting phase separation may occur in sample B. It is important to emphasize once more that the two samples were cut from the same Pd 40 Ni 40 Si 5 P 15 BMG but different parts. Sample A was close to the rod bottom while sample B was cut from the middle part of the glassy rod. So the cooling rate for sample A should be faster than that for sample B. Despite of the similar production condition, a clear difference in microstructure has been obtained corresponding to the different parts of the same alloy rod, indicating that structural flexibility may be an intrinsic feature of a glass. That is to say, a glassy structure is extremely sensitive to the outer condition due to its open possibilities for structural reconstruction on atomic scale. Slight difference in cooling rate would result in differently solidified states, which may yield different microstructure.
Since microstructural variation between sample A and sample B can be clearly observed, properties of the two samples are supposed to be different as well. Figure 3 presents the compressive testing results of the two Pd 40 Ni 40 Si 5 P 15 glassy samples. It is of interest that the two samples actually exhibit different engineering strain-engineering stress curves, corresponding to their structural difference. Sample B shows a larger plastic strain of about 11.2% while sample A exhibits a plastic strain of only 3.2% as shown in Figs. 3(a) and 3(b) . One thing for sure is that the two samples show relative plasticity larger than conventional BMGs which typically exhibit a room temperature strain <2%. Furthermore, it is found that sample B shows ''workhardenable'' behavior at the initial plastic stage with the true strain less than 7% as indicated in the true strain-true stress curve (inset in Fig. 3 ). The similar behavior was also reported in Cu 47:5 Zr 47:5 Al 5 BMG with the inherent capability of extensive shear band formation, interaction and multiplication of shear bands. 6) Therefore the plasticity has been significantly enhanced.
It is reported that the plasticity of BMGs is size-dependent and smaller is softer. 13, 14) Oxygen has played important effect on the ductility of BMGs as well. 15 ) High Poisson's ratio is proved to be a marking of good ductility, which changes with minor deviations in content (<1 at%). 9) As a matter of a fact, all the above factors result in microstructural variation even for BMGs with the same composition, which is responsible for the obvious difference in properties. So it is the characteristic of structural uncertainty of BMGs that enables BMGs much space to change the atomic configuration. Moreover, such structural flexibilty is very sensitive to the production process. Even though a slight perturbation induced by the purity of raw materials or oxygen et al. takes place during the process by which a BMG is formed, distinct properties can be obtained. The phenomena are determined by the structural nature of a metallic glass. Unlike crystalline alloys with determined long range order structure, metallic glasses possess only definite short range order. However, the constitution of these short range order clusters into a long range structure remains mystery, which causes many possibilities for the macroscopic configuration of a glass. In the case of the present results, the different parts of the same Pd 40 Ni 40 Si 5 P 15 glassy rods were supposed to experience different cooling rate, leading to the different microstructure and thus exhibiting different ductility.
Such structural flexibility can be easily found in other alloy systems. For example, Cu 50 Zr 50 binary BMG is reported to exhibit super plasticity over 50% due to nanocrystalline toughening while almost fully amorphous Cu 50 Zr 50 BMG only showed a plastic strain less than 5%. 6, 7, 16) However, the production procedures for the above BMGs are the same copper mode casting. The glass transition temperatures of the above BMGs are reported to be very similar, which agrees well with that the dependence of T g on the cooling rate is weak. 17) As reported, the glass forming ability of alloys is easily influenced by both intrinsic and extrinsic factors, which also reflects the structural instability.
18) Therefore, it is suggested that a BMG yields differently solidified glass states due to its structural flexibility even under the same process condition, which would lead to distinction in its deformation behaviors and lead to plastic instability.
Conclusion
Pd 40 Ni 40 Si 5 P 15 BMG shows distinct microstructure corresponding to different part of the same alloy rod, indicating that structural flexibility is an essential characteristic of a glass. Furthermore, plasticity of a BMG is very sensitive to this microstructural difference, which leads to the plastic instability of the BMG.
